InP and related quaternaries ͑InGaAsP͒ have been grown by conventional gas source molecular beam epitaxy while simultaneously exposing the growth surface to a He plasma stream generated by electron cyclotron resonance. For growth temperatures from 400 to 450°C, the InP produced by this process displays greatly increased resistivity, as high as 10 5 ⍀ cm, compared to growth without plasma where resistivities are typically less than 1 ⍀ cm. An InGaAsP quaternary, with band-gap wavelength of 1.55 m, grown with the plasma displays a sharp band edge and fast photoresponse ͑15 ps͒.
͑Received 21 March 1996; accepted for publication 14 May 1996͒ InP and related quaternaries ͑InGaAsP͒ have been grown by conventional gas source molecular beam epitaxy while simultaneously exposing the growth surface to a He plasma stream generated by electron cyclotron resonance. For growth temperatures from 400 to 450°C, the InP produced by this process displays greatly increased resistivity, as high as 10 5 ⍀ cm, compared to growth without plasma where resistivities are typically less than 1 ⍀ cm. An InGaAsP quaternary, with band-gap wavelength of 1.55 m, grown with the plasma displays a sharp band edge and fast photoresponse ͑15 ps͒. © 1996 American Institute of Physics. ͓S0003-6951͑96͒00330-0͔
The electrical and optical properties of semiconductors may be dramatically altered by the introduction of defects. For example, extrinsic defects such as Si and Be are routinely used as dopants to control the type and concentration of carriers in epitaxial InP, while Fe doping results in semiinsulating InP. In the case of GaAs, the intrinsic defect EL2 is used in the production of semi-insulating substrates, while highly resistive epitaxial GaAs can be produced by the introduction of nonradiative defects associated with excess As in a procedure involving low-temperature growth and postgrowth annealing.
1,2 Low growth temperature methods have also been applied to InP, 2-6 and recently a combination of low growth temperature and Be doping has resulted in ultrafast photoresponse at 1.55 m wavelength in multiquantum well structures on InP. 7 In this letter, a plasma assisted epitaxial technique is presented and used to produce both high resistivity InP and optically fast, 1.55 m wavelength, InGaAsP quaternary lattice matched to InP.
In this work, epilayers have been grown by conventional gas source molecular beam epitaxy while the growth surface is subjected to a flux of energetic He produced by electron cyclotron resonance ͑ECR͒. Typically 5-10 sccm of He operating gas flows directly into the BN-lined ECR chamber which, under plasma conditions, absorbs 150 W of microwave ͑2.45 GHz͒ power. It is expected that the He plasma contains a hydrogen component due to backflow into the ECR chamber of H 2 produced from the cracking of 5 sccm group V hydride flow. The He plasma has no significant effect on the growth rate ͑1 m/h͒, double crystal x-ray diffraction linewidth, or quaternary composition when compared to material grown without plasma. Also, from thermal desorption studies it was determined that no He remained trapped in the sample. The simple presence of He gas, without plasma discharge, has no significant impact on the electrical or optical characteristics of the epitaxial material. However, growth with He plasma produces dramatic changes in the electrical resistivity and optical properties of InP and InGaAsP. These changes cannot be simply accounted for by the H component in the plasma as they are not produced by operating the ECR with H 2 in place of He. The effects of He plasma on the electrical resistivity of InP have been studied as a function of growth temperature, postgrowth annealing, and intentional doping with Si (n-type͒ and Be ( p-type͒. In addition, the effect of the He plasma on the optical properties of InGaAsP has been evaluated by comparing the speed of the photoresponse to material of similar composition grown without plasma.
Figure 1 compares electrical resistivity versus growth temperature for InP grown with and without He plasma. The data were obtained by Hall measurements ͑van der Pauw method͒ on 2 m thick epilayers grown on ͑100͒ semiinsulating InP substrates. For growth temperatures of 450-500°C, material without plasma has a resistivity of ϳ1 ⍀ cm corresponding to an n-type carrier concentration of 10 15 cm Ϫ3 and mobility of 4800 cm 2 /V s. For temperatures at the high end of this range, growth with plasma results in material of similar resistivity but somewhat lower mobility ͑ϳ1700 cm 2 /V s͒. With growth temperature decreasing from 450 to 350°C, the resistivity of the material without plasma decreases by about two and one-half orders of magnitude saturating at a net n-type carrier concentration of ϳ3ϫ10 been observed by others and attributed to the formation of phosphorus antisite defects, P In . 2, 6, 8 In contrast, growth with He plasma over the temperature interval 400-450°C results in very high resistivity material ͑up to 10 5 ⍀ cm with mobility 500-1000 cm 2 /V s͒. For temperatures decreasing below 400°C, the resistivity of the plasma grown material decreases rapidly, saturating at a value of about a factor of 10 greater than the no-plasma case and resulting in a carrier concentration of nϳ1ϫ10 18 cm Ϫ3 . Since the 2 m thick highly resistive epilayers are surface depleted in the Hall samples, the absolute values presented in Fig. 1 were verified with an n ϩ -i-n ϩ structure in which the i layer consisted of 2 m of InP grown at 435°C with He plasma. The sample was patterned with contacts ͑200ϫ350 m͒ and etched to isolate each resistor. A resistivity of 2ϫ10 5 ⍀ cm is obtained from the I-V characteristic for a 1 V bias thereby verifying the magnitudes obtained by the Hall measurements.
One explanation of the above observations can be given based on the production of simple point defects due to impact of the energetic He atoms in the near-surface region of the growing sample. In this model, due to mass ratios M He /M P and M He /M In , the He particle energy of typically 30 eV produced in an ECR plasma is sufficient to create P knock-ons, but no In knock-ons. Thus, the difference in carrier concentration over the interval 300-350°C between plasma and nonplasma conditions is attributed to the creation of ϳ2ϫ10
18 cm Ϫ3 net compensating acceptors. At a growth temperature of у375°C the concentration of the grown-in antisites, P In , falls below the concentration of the plasma generated compensating acceptor defects and the material becomes resistive ͑and remains n-type͒. From the measured resistivity ͑ϳ10
5
⍀ cm͒ and mobility ͑ϳ500-1000 cm 2 /V s͒ it is possible to determine that Fermi level pinning at an electron trap lying ϳ0.4 eV below the conduction band would account for the measured electrical properties. This is consistent with the calculated 9 energy of a phosphorus vacancy, V P . The interstitial phosphorus atoms, I P , also produced in the collision process probably diffuse to the growing surface and are annihilated. For growth temperatures Ͼ450°C the decrease in resistivity might be explained by a surface annealing process. Since the defects created by the He atoms are produced predominantly int he top few monolayers, the defects only require short range mobility at Ͼ450°C in order to be eliminated at the surface leaving the resistivity dominated by the grown-in P In antisite defects.
The high resistivity of InP grown at 435°C with He plasma is unchanged by postgrowth annealing at 700°C for 10 s. This stability under annealing suggests that the defect model with simple phosphorus vacancies may be inadequate, and that a defect complex which is more robust to annealing is involved. This is to some extent confirmed by variable energy positron annihilation measurements of the line-shape of the Doppler-broadened annihilation radiation expressed as the conventional S parameter. 10 These experiments yield an S-parameter ratio of S D ͑epilayer͒/S B ͑substrate͒ϳ1.05 for He plasma growth at 450°C. Such a large ratio is usually associated with vacancy clusters. 11 However, whatever defect is responsible for the high resistivity, its thermal stability would make the material suitable in device fabrication involving annealing processes.
The impact of intentional doping on the high resistivity of InP grown at 435°C with He plasma has been investigated. For n-type ͑Si͒ doping of 2ϫ10 17 
cm

Ϫ3
, which typically gives a resistivity of 10 Ϫ2 ⍀ cm without plasma, a resistivity of Ͼ10 3 ⍀ cm is obtained with plasma, while doping at 3ϫ10 18 cm Ϫ3 results in ϳ0.1-1 ⍀ cm with plasma. In agreement with the discussion above, these numbers indicate that the plasma introduces ϳ10
18 cm Ϫ3 compensating acceptor defects. In the case of p-type doping under He plasma conditions, resistive (Ͼ10 4 ⍀ cm͒ n-type InP is obtained, indicating that the Fermi level is pinned in the upper half of the band gap, even for a Be concentration of 3ϫ10 18 cm
. Passivation of the Be acceptor state by the H component ͑due to backflow͒ in the He plasma is probably contributing in part to this behavior. 12 The optical properties of material grown by He-plasma assisted epitaxy are also significantly modified. For example, the band-edge photoluminescence at low temperature ͑15 K͒ from the high resistivity InP is reduced by more than a factor of 300 compared to ''normal'' InP. The impact of He plasma on the photoresponse of a lattice matched InGaAsP quaternary ͑1.55 m wavelength͒ has been studied by comparing two samples grown on semi-insulating InP substrates at 435°C, one with He plasma, one without. Figure 2 shows the results of a standard pump-probe measurement 13 of the recovery of absorption in a He-plasmagrown InGaAsP sample after saturation by an intense 1-ps optical pulse. The results indicate that the absorption ͑and thus the excited carrier population͒ recover with a single exponential lifetime of 15 ps. ͑The small peak at 6 ps is due to back surface reflection of the pump pulse.͒ This decay is dramatically shorter than that for the sample grown without plasma which we measured to be Ͼ500 ps. This decrease in lifetime can be explained by viewing the defects created by He-plasma growth as serving as recombination centers for the photoexcited carriers. The phenomenon of ultrashort carrier lifetimes caused by crystal defects has been extensively studied in GaAs, for which sub-ps carrier lifetimes have been seen in samples with large concentrations of defects due to clusters of excess arsenic formed during low-temperature growth. 14, 15 The defects generated by He-plasma growth have little effect on the steepness of the band edge of the material, i.e., the absorption spectrum of the He-plasma-grown sample is almost the same as the normal growth sample. Thus, we would expect a large band-gap-resonant refractive index nonlinearity. Using a Z-scan technique, 16 we have measured the changes in the optical refractive index of He-plasmagrown InGaAsP near the band edge. We find optically induced changes as large as ⌬nϭϪ0.06 for ϭ1.57 m. This index change is comparable to the index change measured in the normal growth InGaAsP sample (⌬nϭϪ0.07) at the same detuning from the band edge.
The fact that large and rapidly recovering optically induced index changes can be induced in He-plasma-grown InGaAsP indicates that this material holds promise for future ultrarapid switching components operating in the important telecommunications wavelength region at 1.55 m.
17 Because the He-plasma growth can be combined with previous and subsequent normal growth steps, the realization of complex heterostructures for optoelectronic integrated circuits should be more feasible with this technique than with lowtemperature techniques for growing ultrafast material.
In summary, the electrical and optical properties of InP and InGaAsP quaternaries have been dramatically modified by defects produced during epitaxial growth by exposure to an ECR generated He plasma. In particular, thermally stable InP with high resistivity (10 5 ⍀ cm͒ has been produced for growth temperatures between 400 and 450°C. Also for InGaAsP quaternary with a wavelength of 1.55 m, a very rapid photoresponse ͑15 ps͒ compared to material grown without He plasma has been demonstrated. The high resistivity InP material could find use in device applications requiring isolation layers and to reduce side-and backgating in FETs. It might also be applied towards radiation hardening by acting as a fast recombination layer beneath FET epitaxial overlayers. The fast photoresponse of the quaternary material indicates that it holds promise for ultrafast all-optical switching and signal-processing device applications.
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